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INTRODUCTION 

Supercritical fluids are attracting increased interest for media for coal 
liquefaction and gasification, the basis for new separation techniques, and in new 
analytical techniques for the separation and characterization of coal-derived 
products. On-going research at Pacific Northwest Laboratory (PNL) is examining a 
range of supercritical fluid applications, including their use as a reaction media 
for coal liquefaction and for separation of fuels and coal-derived products. 
programs at PNL are studying the applications for analysis of fuel samples using 
supercritical fluid chromatography (SFC), the new technique of direct fluid injec- 
tion-mass spectrometry (DFI-MS), and their combination (SFC-MS). In this report 
we will present an overview of the range of supercritical fluid applications at 
PNL related t o  coal and fuel separation and characterization. 

Other 

EXPERIMENTAL 

Two similar instruments have been utilized in our supercritical fluid studies 
to date. The first is a micro-scale supercritical fluid extraction/reaction facility 
designed to allow the rapid study and characterization of the fluid phase under a 
wide range of conditions. The second instrument is ut'lized for analytical studies 
which include direct fluid injection-mass spectrometr{/2) and capillary column 
supercritical fluid chromato raphy-mass spectrometry( ). The instrumentation has 

DFI-MS instrumentation. Instrumentation for direct supercritical fluid extraction 
involves replacement of the injector by an extraction cell containing the material 
to be studied, while SFC-MS involves addi 1 n of a suitable open tubular capillary 
column between the injector and DFI probeti?. 

been described previously(1- 3 ). Figure 1 shows a schematic illustration of the 

RESULTS AND DISCUSSION 

The direct fluid injection (DFI) method allows any compound soluble in a super- 
critica 
met hods 121 . 
critical Fluid Extraction-Mass Spectrometer (SFE-MS) utilizing the OF1 concept. 
The DFI method has the following advantages: 
process is applicable to essentially any compound; various CI reagents may be selec- 
ted to vary the degree of spectral complexity (fragmentation); and the technique 
is inherently sensitive. 

a 
in dified "simultaneous" chemical ionization-electron impact (CI-€1) ion sourcefl- 
3?. Chemical ionization provides both excellent sensitivity and flexibility due 
to the potential for the addition of different or mixed CI reagent gases. 
cases where additional structural information is necessary for identification one 
can use either more energetic mixed CI reagents or the collision-induced-dissocia- 
tion (CID) capability of the tandem quadrupole analyzer. The use of CI analysis 
for coal extraction is particularly attractive since the gentle ionization mechanism 
produces primarily protonated molecular ions (MHt), which allows information on 
the molecular weight distribution t o  be obtained directly from the mass spectra. 
The DFI interface has also allowed the first practical supercr'tical fluid chromatog- 
raphy (SFC) -mass spectrometer instrumentation to be developedl3). 

luid to be transferred to the gas phase for ionization using conventional 
Recent work at PNL has led to the design and development of Super- 

quantitation is straightforward; the 

The DFI probes have been designed to couple with the direct probe inlet o 

For 

The combi- 

235 



n a t i o n  o f  t h e  s e l e c t i v e  e x t r a c t i o n  f rom s u b s t r a t e  m a t e r i a l s  and d e t e c t i o n  w i t h  
more s e l e c t i v e  c o l l i s i o n  induced d i s s o c i a t i o n  tandem mass spec t romet r i c  methods 
(e.g., MS/MS) o f f e r s  a p a r t i c u l a r l y  e f f e c t i v e  r a p i d  a n a l y t i c a l  method f o r  complex 
coa l  e x t r a c t i o n  and r e l a t e d  c o a l - d e r i v e d  m ix tu res .  

The l a s t  few years have seen a dramat ic  growth i n  t h e  a p p l i c a t i o n  o f  super- 
c r i t i c a l  f l u i d  e x t r a c t i o n  methods t o  a v a r i e t y  o f  e x t r a c t i o n ,  separat ion,  and 
process areas. 
f l u i d s  under c o n t r o l l e d  c o n d i t i o n s  o f t e n  a l l ows  e x t r a c t i o n  o f  s p e c i f i c  compounds 
(e.g., c a f f e i n e  f rom co f fee ,  PCB's f rom t rans fo rmer  o i l s ,  e t c .  1 f rom complex matrices, 
as we l l  as e f f i c i e n t  e x t r a c t i o n  o f  a wide range o f  compounds under more severe 
cond i t i ons .  Under more extreme c o n d i t i o n s  t h e  " e x t r a c t i o n "  process f o r  m a t e r i a l s  
such as coa l  i s  undoubtedly  a combinat ion o f  chemical r e a c t i o n s  r e s u l t i n g  i n  break-  
down o f  t h e  complex m a t r i x  combined w i t h  the  e x t r a c t i o n - d i s t i l l a t i o n  process of 
t h e  s u p e r c r i t i c a l  f l u i d .  

The p resen t  methods f o r  d i r e c t  a n a l y s i s  o f  coa l  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  
(SFE) processes i n v o l v e s  t h e  con t inuous  removal o f  a smal l  sample from an e x t r a c t i o n  
c e l l  f o r  d i r e c t  mass spec t romet r i c  a n a l y s i s .  A h i g h  p ressu re  s y r i n g e  pump, m o d i f i e d  
f o r  pressure r e g u l a t i o n ,  i s  used t o  m a i n t a i n  t h e  d e s i r e d  pressure i n  t h e  e x t r a c t i o n  
c e l l .  p la t i num-  
i r i d i u m  t u b i n g  through t h e  DFI probe which i s  ma in ta ined  a t  t he  same temperature 
as t h e  e x t r a c t i o n  c e l l .  The e n t i r e  sample l i n e  volume i s  approx imate ly  2 LIL and, 
f o r  ou r  t y p i c a l  f l o w  r a t e s  o f  10-30 uL/min, t h e  t i m e  f rom e x t r a c t i o n  t o  a n a l y s i s  
i s  l e s s  much than one minute.  F l u i d  f rom the  c e l l  i s  i n j e c t e d  d i r e c t l y  i n t o  t h e  
C I  r e g i o n  o f  a "s imul taneous"  dua l  E I - C I  source where a cons tan t  pressure i s  main- 
t a i n e d .  The mass spectrometer, programmable pressure r e g u l a t e d  pump, oven tempera- 
t u r e  c o n t r o l l e r  nd da ta  a c q u i s i t i o n  hardware are a l l  i n t e r f a c e d  f o r  complete 
computer con t ro l l ' 3 ) .  

The s u p e r c r i t i c a l  f l u i d  phase r e a c t i o n  o r  e x t r a c t i o n  process can be s tud ied  
under both nonisothermal  and n o n i s o b a r i c  c o n d i t i o n s .  Small e x t r a c t i o n  c e l l  volumes 
a l l o w  e v a l u a t i o n  o f  compounds e x t r a c t e d  as a f u n c t i o n  o f  pressure f o r  t h e  determina- 
t i o n  o f  " t h resho ld  pressures"  f o r  t h e  s o l u b i l i t y  o f  i n d i v i d u a l  components. The 
e f f e c t s  o f  c a t a l y s t s  can be s t u d i e d  i n  t h e  e x t r a c t i o n  c e l l  o r  a subsequent separate 
r e a c t i o n  c e l l .  Large r e a c t i o n  volumes a l l ow  one t o  observe the f l u i d  phase processes 
as a f u n c t i o n  o f  e i t h e r  temperature o r  pressure, where t h e  parameter i s  v a r i e d  i n  
some known f a s h i o n  w i t h  t ime.  For l a r g e  r e a c t i o n  c e l l s  (>50 mL) t h e  ac tua l  l o s s  
due t o  mass spec t romet r i c  sampling ( ~ 2 5  vL/min) can be made i n s i g n i f i c a n t  f o r  
reasonable r e a c t i o n  t imes.  

The s t r o n g  and o f t e n  s e l e c t i v e  s o l v a t i n g  power o f  s u p e r c r i t i c a l  

The e x t r a c t  i s  t r a n s p o r t e d  u s i n g  a 25 cm l e n g t h  o f  100 um I . D .  

An example of p r e l i m i n a r y  n o n i s o b a r i c  s t u d i e s  i s  g iven i n  F i g u r e  2. A 40 mg 

The e x t r a c t i o n  temperature was 280°C and t h e  so l ven t  was a 95% n-pentane- 

sample of a b i t um inous  coa l ,  s i zed  t o  approx imate ly  80 wm average p a r t i c l e  s i z e  
and p r e v i o u s l y  washed w i t h  pentane, was packed i n t o  a 7 5  pL c e l l  f o r  these e x p e r i -  
ments. 
5% 2-propanol m ix tu re ;  t hus  t h e  temperature was ma in ta ined  w e l l  above the es t ima ted  
c r i t i c a l  temperature of t he  so l ven t  m ix tu re .  The "gen t le "  CI c o n d i t i o n s  r e s u l t  i n  
l i t t l e  molecular  f ragmentat ion and a dominant p ro tona ted  mo lecu la r  i on ,  g r e a t l y  
s i m p l i f y i n g  mass s p e c t r a l  i n t e r p r e t a t i o n .  The exper iment  shown i n  F i g u r e  2 i n v o l v e d  
an i n i t i a l  2 h r  p e r i o d  a t  10 atms a f t e r  which the  pressure was increased a t  a r a t e  
of 0.4 atm/min between 10 atm and 100 atm. F i g u r e  2 g i ves  recons t ruc ted  s i n g l e  
i o n  p r o f i l e s  f o r  seve ra l  t y p i c a l  i ons  i n  t h e  mass spec t ra  and the  t o t a l  i on  c u r r e n t  
(TIC)  o r  e x t r a c t i o n  p r o f i l e ,  which se rve  t o  i l l u s t r a t e  t h e  s o l u b i l i t y  o f  e x t r a c t a b l e  
components as a f u n c t i o n  of pressure.  Large groups o f  compounds are c l e a r l y  
e x t r a c t e d  i n  the  10-13 atm and 25-28 atm ranges and s i m i l a r  r e s u l t s  showing g r e a t e r  
s t r u c t u r e  are ob ta ined  w i t h  s lower  p ressu re  ramps. Between 40 and 80 atms a l a r g e  
amount o f  complex h ighe r  mo lecu la r  we igh t  m a t e r i a l  i s  ex t rac ted .  Mass spec t ra  f o r  
these c o n d i t i o n s  show t h a t  spec ies hav ing  mo lecu la r  weights  extending t o  over 1400 
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I 

are extracted(1). 
metric monitoring of supercritical fluid extraction of coal and other related 
Processes. 
files, Suggesting that the potential exists to readily alter the extracted product 
slate and to obtain significant product fractionation. 
coal is extracted under these conditions, in reasonable agreement with previous 
studies. 

An example of the application of DFI-MS for fuel characterization iS given in 

These results demonstrate the potential for direct mass spectro- 

Initial experiments show significant structure in the extraction pro- 

Approximately 20% of the 

Figures 3 and 4. These figures give DFI-mass spectra for four fractions of two 
diesel fuel marine (DFM) samples, obtained by an alumina column fractionation method, 
which has been described previously(4). These DFM samples, designated 81-5 and 
81-6, represent a typical fuel (81-5) and a fuel which has been determined to exhibit 
considerable instability and particulate formation (81-6). The first two (less 
polar) fractions (A-1 and A-2) contain materials which appear to be nearly totally 
soluble in  supercritical carbon dioxide (34OC, 450 atmospheres), and mass spectra 
representative of the mixtures are obtained (Figure 3). In contrast, however, the 
more polar A-3 and A-4 fractions exhibit' very limited solubility in supercritical 
COP. Good spectra are obtained, however, in supercritical ammonia (134"C, 400 
atmospheres). Since these spectra were obtained using relatively "gentle" chemical 
ionization reagents (isobutane for the A-1 and A-2 fractions and ammonia for the 
A-3 and A-4 fractions) only limited ionic fragmentation is anticipated in the spectra, 
with domination by the protonated molecular ion, (M+l)+. Thus, the DFI mass spectra 
provide a good measure of the molecular weight distribution of these materials. 
Comparison of the two relatively non-polar fractions, A-1 and A-2, indicates these 
fractions, which account for the bulk of the DFM, are quite similar. In contrast, 
however, comparison of the polar fractions (the A-3 and more polar A-4 fraction) 
indicates that fuels having greater instability have significantly greater contribu- 
tions in the 150 to 300 molecular weight region in the A-3 fraction, and substantial 
contribution in the 300 to 500 molecular weight region, essentially absent for 
more stable fuel. 
observed in these fractions for the unstable DFM and with the gas chromatography 
results for the portions which are chromatographable. 
progress to apply supercritical fluid chromatography techniques using more polar 
fluids for separation of these materials, in conjunction with analysis by on-line 
DFI-MS. 
tion with DFI-MS analysis, promises significant advances for characterization of 
fuels and coal-derived materials. 

These results are consistent with the greater amount of material 

Research is presently in 

The much higher chromatographic efficiencies possible with SFC, in conjunc- 
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DIRECT FLUID INJECTION - MASS SPECTROMETER 

PRESSURE MONITOR 

INJECTOR AND 
CIRCULATOR 

FIGURE 1. Schematic I l l u s t r a t i o n  o f  the  Direct Fluid Injection-Mass 
Similar Instrumentation i s  Used f o r  SFC-MS Spectrometer. 

and Direct Supercr i t ica l  Fluid Extraction Studies.  

SUPERCRITICAL COAL EXTRACTION PROFILES AT 280% 

SCAN NUMBER 

1 1 1  I I I I I I  I I 
0 20 40 60 80 100 

PRESSURE IBARl 

FIGURE 2. Selected Ion Prof i les  and Total Extraction Prof i le  
f o r  a Nonisobaric Supercrit ical  Fluid Coal Extraction 
Study Using a 95% Pentane-5% 2-Propanol a t  280°C. 
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